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ABSTRACT 
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During t h e  period 1 September 1964 through 28 February 1965, 

t h i s  p r o j e c t  expanded i n t o  three d i s t i n c t  areas of research.  

on t h e  gamma i r r a d i a t i o n  s t u d i e s  of s i l i c o n  s u r f a c e s  progressed 

a t  a normal pace and d a t a  on pol ished su r faces  are included i n  

Work 

t h i s  r epor t .  

A s tudy  was i n i t i a t e d  t o  determine t h e  v a r i a t i o n  i n  t h e  

s u r f a c e  p o t e n t i a l  and t h e  sur face  s ta te  charge d i s t r i b u t i o n  i n  t h e  

oxide passivated materials using an i n s u l a t e d  gate f i e l d  e f f e c t  

t r a n s i s t e r  s t r u c t u r e .  

During t h e  l a t t e r  p a r t  o f  t h i s  per iod,  a n a l y t i c a l  s t u d i e s  

of device performance wi th  t h e  i nc lus ion  of su r f ace  parameters 

was  i n i t i a t e d .  Some preliminary r e s u l t s  a r e  included f o r  t he  

one-dimensional p lanar  s o l a r  c e l l .  

This r e p o r t  concludes with a p ro jec t ion  of plans f o r  t h e  
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I. Filament S tudies  

A. Introduct ion 

As ind ica ted  i n  SDL r e p o r t  # 1-588, t h e  Photo-electro 

magnetic {P.E.M.) e f f e c t  allows d i r e c t  measurement of the bulk  

lifetime, 76 , and t h e  surface recombination ve loc i ty ,  S, under 

c e r t a i n  assumptions i n  the  a n a l y s i s  of the device ( f i l amen t )  

problem. However, these assumptions are t o o  severe t o  a l low 

accura te  c a l c u l a t i o n s  of these  parameters under most p r a c t i c a l  

experimental  condi t ions.  (SDL r e p o r t  # 1-588, pp. 12-13) . Also, 

t h e  i l lumina t ion  i n t e n s i t y  required t o  obtain these parameters is 

of such a magnitude that no reasonable c o r r e l a t i o n  between data 

obtained by t h e  P.E.M. effect and that obtained by the  method of 

photoconductive decay (P.C.D.) can be expected. 

Due t o  these l i m i t a t i o n s  on the P.E.M. e f f e c t ,  values  of 

1 

and S w i l l  be obtained us ing  the method of P.C.D. as descr ibed i n  

SDL r e p o r t  # 1-588, pp. 3-5 with the  experimental  s e tup  shown on 

page 9 of t ha t  r epor t .  

I+ 

B. Experimental Technique 

To measure 7;; by the  method of PCD, a s tandard bulk 

sample is required.  

.5cm x .5cm x l.5cm s i n c e  a f i lament  w i t h  a square c ros s  s e c t i o n a l  

a r e a  f a c i l i t a t e s  e a s i e r  data reduction. Three bulk  samples of these 

dimensions can be obtained f r o m  one .5cm s l i c e  from a 1" diam. ingot  

of s i l i c o n ,  t h e  s l i c e  being cut w i t h  a diamond s a w  perpendicular  t o  

the long i tud ina l  axis of t he  ingot.  

cu t ,  they  are lapped on a l l  sides wi th  #lo0 g r i t  u n t i l  any 

The dimensions of t h i s  sample were chosen as 

After the  three samples are 
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d i s l o c a t i o n s  caused by t h e  diamond saw are removed. Then they  are 

boi led  i n  TCE f o r  approximately 5 minutes, d r i ed ,  and placed i n  an 

e l e c t r o l e s s  n i c k e l  p l a t i n g  so lu t ion  a t  approximately 9OoC f o r  10 min. 

After t h i s  n i cke l  p l a t ing ,  the f o u r  sides a r e  lapped aga in  u n t i l  a l l  

t h e  n i c k e l  p l a t i n g  is removed, leav ing  t h e  ends of t h e  samples 

p l a t ed  f o r  ohmic contacts .  

measurements. 

The bulk samples a r e  then ready f o r  

The lapped s ides  provide sur faces  such t h a t  S + 00, 
and thus  rs approaches a constant  value which is a func t ion  of t h e  

sample dimensions and t h e  minority c a r r i e r  (ambi-polar) d i f f u s i v i t y .  

Then % can be ca lcu la ted  from 

where is t h e  value measured by t h e  PCD method. 

The sur face  recombination v e l o c i t y  f o r  o ther  specimens can be 
determined i f  and % a re  known, s i n c e  1 /x can then be 

ca l cu la t ed  from (1) and use of the  curves shown on pp. 18 of 

SDL r e p o r t  #1-588. These curves g ive  t h e  value of S as a func t ion  

of 1/7; and t h e  sample dimensions. 

wi th  dimensions of .02cm x .5cm x l.5cmwere chosen. The samples 

are lapped w i t h  #800 g r i t  u n t i l  saw d i s l o c a t i o n s  are removed. They 

are then  boi led i n  TCE f o r  5 minutes and n i c k e l  p l a t ed  i n  t h e  same 

manner as t h e  bulk samples. The ends are then  coated wi th  a p i e z m  

wax, and t h e  wax allowed t o  dry f o r  approximately 24 hours. The 

samples a r e  then etched i n  a 25ml .  mixture of 9 6  HB03 and 2% HF 

f o r  20 min. wi th  2-4 drops of HF added every f i v e  minutes. This 

e tch ing  removes t h e  n i c k e l  p l a t ing  from t h e  s i d e s  and chemically 

po l i shes  the samples t o  complete the su r face  preparat ion.  

apiezon wax is then removed from t h e  ends with TCE and t h e  samples 

are ready f o r  measurements. 

For t h i s  measurement, samples 

The 
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I n  order  f o r  t h e  values  of S t o  be meaningful, t h e  values  of % 
f o r  the  t h i n  f i laments  must be accu ra t e ly  known. 

that  t h e  values  of vary considerably wi th  radial d i s t ance  i n  t h e  

s i l i c o n  ingo t s  used, and thus  the  o r i e n t a t i o n  of t h e  s l i c e s  used t o  

make t h e  t h i n  f i l amen t s  and bulk samples can not  be a r b i t r a r y .  

f a c i l i t a t e  t h e  c o r r e l a t i o n  of t h e  bulk lifetime of t h e  t h i n  f i laments  

t o  t h e  bulk samples, a standard procedure has  been devised t o  make 

samples . 

It has been observed 

To 

F i r s t ,  t he  ingot  is  mounted on a piece of ceramic t i l e  f o r  use 

i n  t h e  diamond saw. The ingot  is then cut  a long  a chord of t h e  

c i r c u l a r  c ros s  sec t ion  p a r a l l e l  t o  t h e  long i tud ina l  a x i s  of t h e  

ingot .  This provides  a reference edge and a l l  samples are cut  with 

t h e i r  longest  dimension parallel t o  t h i s  edge. 

To c o r r e l a t e  t h e  values  of bulk lifetime f o r  t h e  t h i n  f i lament  

and t h e  bulk samples, two s l i c e s  .5cm t h i c k  are cu t  from the ingot .  

Both s l i c e s  are then  mounted, one upon t h e  o ther ,  on a p iece  of 

ceramic t i l e .  

wi th  caut ion taken t o  d i f f e r e n t i a t e  between corresponding samples 

from each s l ice .  

and t h e  lifetime of each sample is measured. If t h e  values  of lifetime 

of corresponding samples are within lo$ of each o ther ,  then  one of 

t h e  corresponding samples i s  cut i n t o  three t h i n  f i laments .  

each bulk  sample wi th  a given bulk lifetime, t h e r e  then  r e s u l t s  

three t h i n  f i l amen t s  wi th  t h e  same bulk l i f e t i m e  ( t o  wi th in  lo$). 

The bulk samples are then  cu t  from t h i s  configurat ion,  

Thus six bulk samples r e s u l t  from t h e  two s l i c e s ,  

For  

C. N-Type S i l i c o n  

To begin t h e  i r r a d i a t i o n  experiments, 1 0 0 n  cm n-type 

s i l i c o n  was chosen as t h e  f i r s t  material t o  examine. Two bulk  
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samples and f i v e  t h i n  f i laments  were made, a l l  lapped with #lo0 g r i t  

on t h e  sides. 

each i n  95% "03 and 5% HF. 

o rde r  t o  determine t h e  order of magnitude changes i n  bulk lifetime 

and su r face  recombination v e l o c i t y  as a func t ion  of r a d i a t i o n  

dosage, and t h u s  no s t r i c t  procedure f o r  su r face  prepara t ion  and 

t h i n  f i lament  dimensions w a s  adhered t o .  

p o r t ,  it was r e a l i z e d  t h a t  t h e  ambient under which t h e  i r r a d i a t i o n s  

were c a r r i e d  out is an important f a c t o r ,  and t h u s  d i f f e r e n t  ambients 

were t o  be used w i t h  each i r r a d i a t i o n .  

t h e  r e s u l t s  of low energy gamma i r r a d i a t i o n  on bulk lifetime and 

surface recombination ve loc i ty ,  normalized t o  t h e  p r e - i r r a d i a t i o n  

va lves  . 

Two of t h e  t h i n  f i l amen t s  were then  etched f o r  15  min. 

These samples were t o  be s tudied  i n  

Also, from t h e  first re- 

Graphs No. 1, 2, and 3 show 

The first i r r a d i a t i o n  was carried out i n  a forming gas atmosphere 

(95% N2, 5% H2). 

l ifetime for t he  two bulk samples 1 N A 5 8 - 1  and 1NA58-2, t h e  change 

be ing  a t  least  two orders  of magnitude f o r  both samples. 

l ikewise  a reduct ion  of t h e  value of su r face  recombination v e l o c i t y  

f o r  t he  f i v e  t h i n  f i l amen t s ,  the  percentage change being g r e a t e r  

f o r  t h e  f i l amen t s  tha t  were not etched. 

va lues  of S f o r  these samples were a t  least  a f a c t o r  of 2 g r e a t e r  

than  those  for t h e  etched f i laments .  

There i s  a marked reduct ion  of t he  value of bulk 

There is 

Also, t h e  p r e - i r r a d i a t i o n  

The second i r r a d i a t i o n  was c a r r i e d  out i n  an  argon atmosphere, 

and aga in  t h e  bulk l i f e t i m e  decreased. 

change was much less, being on the order  of 25% f o r  both samples. 

An examination of t he  va lues  of su r f ace  recombination v e l o c i t y  

However, t h e  percentage 
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showed t h a t  S continued t o  decrease f o r  the etched samples, but 

increased f o r  t h e  f i l amen t s  with "sand blasted" sur faces .  

The t h i r d  i r r a d i a t i o n  was c a r r i e d  out i n  a i r ,  and t h e  bulk 

lifetime continued t o  decrease. 

i r r a d i a t i o n  was greater than 50% f o r  bo th  samples. 

of su r f ace  recombination ve loc i ty  decreased f o r  each of t h e  t h i n  

f i l amen t s ,  the t o t a l  change being greater than 75% i n  a l l  cases .  

T h i s  aga in  i l l u s t r a t e s  t h e  adverse e f f e c t  of i r r a d i a t i o n  i n  a non- 

oxid iz ing  atmosphere f o r  n-type material. 

The percentage change from t h e  2nd 

Also, t h e  va lue  

Due t o  the f a c t  t ha t  samples l N A  3/8 5 - 2, 3,  and 6 showed a 

marked inc rease  i n  sur face  recombination v e l o c i t y  between the  first 

and second i r r a d i a t i o n s ,  and t h e  f a c t  t h a t  the i r r a d i a t i o n  c a r r i e d  

out i n  a i r  deviated d r a s t i c a l l y  from t h e  rest  of t h e  data, an 

e x t r a p o l a t i o n  procedure was c a r r i e d  out i n  hopes of p red ica t ing  

resu l t s  if the  t h i r d  i r r a d i a t i o n  had been c a r r i e d  out  i n  a non- 

ox id i z ing  atmosphere. 

p l o t t e d ,  and then  a smooth curve was drawn through p o i n t s  #1 and 

# 2. 
lifetime was obtained as shown i n  the  graph. These va lues  of 

were t h e n  used t o  c o r r e c t  t he  va lues  of S i n  graphs # 2 and 3 .  
These cor rec ted  va lues  showed a n  inc rease  from t h e  va lue  f o r  

i r r a d i a t i o n  # 2 i n  a l l  cases.  With t h e s e  prel iminary resul ts ,  it 

was decided t o  conduct another experiment on a new set of samples, 

whi le  maintaining a non-oxidizing atmosphere dur ing  each irradia- 

t i o n .  

F i r s t  of a l l ,  the  p o i n t s  on graph # 1 were 

This curve was extended, and a cor rec ted  va lue  of bulk 

Argon gas was chosen for t h i s  purpose. 

A set  of t h r e e  bulk samples and n i n e  t h i n  f i l a m e n t s  were made 

and bulk  lifetime and su r face  recombination v e l o c i t y  measured as 
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a func t ion  of i r r a d i a t i o n  dosage. 

r e s u l t s  of t h e s e  measurements c a r r i e d  out i n  an  argon atmosphere. 

I n  every case,  t h e  bulk l i f e t i m e  decreases  d r a s t i c a l l y  with i n i t i a l  

i r r a d i a t i o n ,  and then  continues t o  decrease slowly w i t h  each 

a d d i t i o n a l  i r r a d i a t i o n .  

recombination v e l o c i t y  e x i s t s  f o r  each f i lament .  That is, su r face  

recombination v e l o c i t y  decreases  wi th  i n i t i a l  i r r a d i a t i o n ,  and then  

i n c r e a s e s  w i t h  a d d i t i o n a l  i r r a d i a t i o n .  

which can be seen i n  graph #7. 

same bulk lifetime, show a decrease i n  S a f t e r  a f o u r t h  i r r a d i a t i o n .  

However, i n  order  t o  make t h e  measurements of f i l ament  lifetime on 

t h e s e  samples, t h e  i n t e n s i t y  of l i g h t  used f o r  c a r r i 8 r  i n j e c t i o n  

had t o  be reduced i n  order t o  e l imina te  t h e  c h a r a c t e r i s t i c  "hump" 

i n  t h e  decay curve, noted af ter  s e v e r a l  i r r a d i a t i o n s  f o r  n-type 

samples i n  t h e  f irst  r epor t .  It is  w e l l  known t h a t  both t h e  bulk 

and f i lament  lifetimes are a func t ion  of i l l umina t ion  i n t e n s i t y  

when l i g h t  i s  used t o  i n j e c t  excess  c a r r i e r s  i n t o  a semi- 

conductor. 

meaningful s i n c e  t h e  experimental condi t ions  have been changed .' 
A small amount of f o r e s i g h t  is a l l  that is needed t o  e l imina te  

t h i s  apparent  problem. 

Graphs 4, 5, 6 ,  7, and 8 show t h e  

On t h e  o the r  hand, a minimum i n  su r face  

There i s  one exception, 

These three samples, a l l  having the 

Hence, it can be concluded t h a t  t h i s  po in t  is not  

I n  computing t h e  value of S it has been assumed t h a t  t h e  

ambi-polar d i f f u s i v i t y  does not vary wi th  i r r a d i a t i o n .  

t h a t  any v a r i a t i o n s  would not change t h e  r e s u l t s ,  Hall E f fec t  

measurements were c a r r i e d  out, t h e  a c t u a l  d i f f u s i v i t y  ca l cu la t ed ,  

and the  value of S reca lcu la ted .  The fo l lowing  table  i l l u s t r a t e s  

To v e r i f y  
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Actual Corrected Actual Corrected 

Pre-Irrad . 350 372 1605 1450 

1st Irrad. 34.1 33 03 3 68 338 
2nd Irrad. 24.3 24.2 1232 1233 

3rd  Irrad. 1 5  09 16.0 1745 1860 

4 th  Irrad.  12.4 12.4 2410 2415 

t h e  r e s u l t s  f o r  samples 1NA58-3 and l N A  5-2: 

# 1NA58-3(&usec) # NAi5-2(S 

Thus, there is  e s s e n t i a l l y  no change i n  t h e  o v e r a l l  results i n  

assuming D constant .  

11.6 while  12  w a s  used as i t s  cons tan t  va lue) .  

(The t o t a l  range of D was between 13.1 and 

Graphs 9, 10, 11, and 12 show graphs of r e s i s t i v i t y ,  Hall 

c o e f f i c i e n t ,  equi l ibr ium majori ty  c a r r i e r  concentrat ion,  and 

conduct iv i ty  mobi l i ty  as  a func t ion  of i r r a d i a t i o n  t i m e .  The 

v a r i a t i o n s  appear t o  be random; however, the  percentage v a r i a t i o n s  

are wi th in  lo$ i n  a l l  cases ,  which are on t h e  order  of t h e  experi-  

mental e r r o r s  i n  t h e  measurement procedure. 

D. P-Type S i l i c o n  

A s  a cont inua t ion  of part C ,  p-type 1 0 0 n  cm s i l i c o n  was 

Again twelve samples, inc luding  chosen as t h e  next  material t o  study. 

three bulk  samples and n ine  t h i n  f i laments ,  were cons t ruc ted ,  

according t o  the techniques described i n  part A of t h i s  s ec t ion .  

The i r r a d i a t i o n s  were c a r r i e d  out i n  an  argon atmosphere, and t h e  

r e s u l t s  of t h e s e  i r r a d i a t i o n s  a r e  shown i n  Graphs 13, 14, 15, 16, 

and 17. 
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I n  graph #is, bulk lifetime is  p l o t t e d  as a func t ion  of 

i r r a d i a t i o n  time i n  minutes. The i n i t i a l  i r r a d i a t i o n  causes a 

decrease  f o r  each sample. 

o rder  of 20 - 45$ as  compared t o  two orders  of magnitude decrease  

f o r  the n-type samples. The values of bulk lifetime continue t o  

However, t h i s  decrease is on t h e  

decrease wi th  each a d d i t i o n a l  i r r a d i a t i o n ,  and seem t o  approach 

some asymptotic value.  The marked c o n t r a s t  between t h e  e f fec ts  

of gama i r r a d i a t i o n  on bulk lifetime i n  n and p type s i l i c o n  

should be noted i n  graphs # 1, 4, and 13. 

Graphs 13, 14, and 15  each show the  v a r i a t i o n s  of su r f ace  

recombination v e l o c i t y  f o r  a s e t  of three t h i n  f i l amen t s  w i th  t h e  

same bulk l ifetime as a funct ion of i r r a d i a t i o n  t i m e  i n  minutes. 

I n  graph # 13, samples lPA35-1 and 2 exhibit a r e l a t i v e  "minimumm 

i n  S whi le  sample 1PA&5-3 shows a monotonically inc reas ing  value 

of S as a func t ion  of i r r a d i a t i o n  t i m e .  An examination of t h e  

v- i  c h a r a c t e r i s t i c s  of these three samples showed that 1 P A 4 5 - l  

and 1PA35-2 had i n j e c t i n g  o r  "rect i fying" con tac t s  ( cha rac t e r i zed  

by a non-linear v- i  c h a r a c t e r i s t i c )  while  1PA55-3 had a l i n e a r  

v- i  c h a r a c t e r i s t i c ,  i n d i c a t i n g  non-inject ing contac ts .  The 

apparent  minima appear t o  be t r aceab le  t o  t h e  in t roduc t ion  of 

apprec i ab le  numbers of minority c a r r i e r s  by t h e  i n j e c t i n g  contac ts .  

I n  graph #14, sample lPA45-4 a l s o  had i n j e c t i n g  contac ts ,  and 

aga in  exhibited a r e l a t i v e  m i n i m u m  i n  S. 

both showed va lues  of S t h a t  continuously increased  increased 

w i t h  i r r a d i a t i o n  time. 

Samples 1PA35-5 and 6 

I n  graph #16, samples 1PA45-7, 8, and 9 a l l  exhibited a 

continuously inc reas ing  value of  S, and a l l  had ohmic contacts .  I 
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A survey of t h e  d a t a  for p-type s i l i c o n  showed that a l l  samples 

w i t h  ohmic con tac t s  had values  of S t h a t  increased continuously wi th  

i r r a d i a t i o n ,  while only those  samples with i n j e c t i n g  con tac t s  

exh ib i t ed  a r e l a t i v e  minimum i n  S. 

The e l e c t r o l e s s  n i c k e l  p l a t ing  s o l u t i o n  used i s  known t o  conta in  

a large percentage of phosphorous. This  phosphorous can, and o f t e n  

does, c r e a t e  a junc t ion  e f f e c t  when extreme precaut ion is  not  taken  

i n  the  process of p l a t i n g  t h e  contac ts .  

when plating n-type material. 

t i o n  on sur face  recombination is an  i n t e r e s t i n g  problem i n  i t s e l f ,  

and w i l l  be inves t iga ted .  

This problem is  not  present  

This  a spec t  of t h e  e f f e c t  of irradia- 

E. Summary 

I n  summary, t h e  bulk lifetime i n  s i l i c o n  decreases  wi th  

inc reas ing  gamma r a d i a t i o n ;  n-type material e x h i b i t i n g  a much more 

d r a s t i c  change than  p-type mater ia l .  

Surface recombination v e l o c i t y  has a r e l a t i v e  minimum value for 

n-type s i l i c o n  and f o r  p-type s i l i c o n  w i t h  i n j e c t i n g  contac ts .  

p-type s i l i c o n  t h e  value of S monotonically inc reases  with 

inc reas ing  gamma rad ia t ion .  

For 

Hall data taken on a l l  samples i n d i c a t e s  t h a t  no d e f i n i t e  

t r e n d s  i n  mobi l i ty  o r  c a r r i e r  concent ra t ions  are t o  be expected 

over t h e  gamma doses considered i n  t h i s  study. 

A mathematical model t o  descr ibe  t h e  effects of free s u r f a c e  

damage repor ted  is p resen t ly  being considered and w i l l  be descr ibed  

i n  a f u t u r e  r e p o r t  . 
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11. Surface Po ten t i a l -F ie ld  Effec t  S tud ie s  

A. In t roduc t ion  

An oxide coa t ing  on a s i l i c o n  su r face  w i l l  pa s s iva t e  

t h a t  sur face  t o  a great extent .  

i n  e i t h e r  a pure oxid iz ing  atmosphere o r  one which has had i m -  

The oxide can be thermally grown 

p u r i t i e s  introduced . I n  e i t h e r  case c e r t a i n  states o r  bound 

charge c e n t e r s  w i l l  be present  i n  t h e  oxide. The d e n s i t y  and 

d i s t r i b u t i o n  of these charge cen te r s  throughout t h e  oxide, a long  

w i t h  t h e  d e n s i t y  of bound charge c e n t e r s  a t  t h e  oxide-s i l icon 

i n t e r f a c e ,  in f luences  t h e  sur face  conductance of s i l i c o n  t o  a 

great ex ten t .  

conduction with r e spec t  t o  that  of t h e  charge n e u t r a l  bu lk  of t h e  

material) is due t o  a change i n  e l e c t r o n  and/or ho le  concent ra t ion  

The su r face  conduction ( a l s o  c a l l e d  t h e  change i n  

a t  and near  t h e  su r face  region wi th  r e s p e c t  t o  t he  bulk concen- 

t r a t i o n .  This change i n  surface conductance ( i n  many cases )  

s e r i o u s l y  e f f e c t s  t h e  ex te rna l  volt-ampere c h a r a c t e r i s t i c s  of a 

device  and, i n  some devices  such as the MOS T rans i s to r ,  is  t h e  

main mechanism of operation. 

For t h i s  reason t h e  determination of the  above mentioned 

d e n s i t y  and d i s t r i b u t i o n  of bound charge c e n t e r s  i n  t h e  oxide i s  

of great importance both i n  device cons t ruc t ion  technology and the  

t h e o r e t i c a l  p red ic t ion  of device c h a r a c t e r i s t i c s .  The f i e l d  

e f f e c t  technique2 is  h e l p f u l  i n  y i e ld ing  information on both 

d i s t r i b u t i o n  and dens i ty  of these oxide s ta tes .  This technique 

involves  t h e  measurement of t h e  conductance of a s u r f a c e  channel 

of a p a r t i c u l a r  m a t e r i a l  as  a func t ion  of an appl ied  normal 

e l e c t r i c  f i e l d .  
- 

Both the  magnitude and d i r e c t i o n  of t h i s  E f i e l d  
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determine whether e l e c t r o n s  or ho le s  o r  e i t h e r  is  the  major i ty  

cu r ren t  ca r ry ing  spec ie  i n  t h e  s u r f a c e  channel. A t y p i c a l  sample 

along with t h e  r e q u i s i t e  c i r c u i t r y  t o  observe t h e  f i e l d  e f f e c t  i s  

shown i n  Figure 1. 

The su r face  conduct iv i ty  can be t h e o r e t i c a l l y  pred ic ted  f o r  

a s p e c i f i c  material f o r  which c e r t a i n  parameters are known ( s e e  

Appendix A ) .  The t h e o r e t i c a l  and experimental  AG v s  V? 
curves must be s h i f t e d  v e r t i c a l l y  s o  t h a t  both minima occur a t  t h e  

same value of A G  3 Example curves are given i n  Figure 2. 

The t h e o r e t i c a l  curve i s  p l o t t e d  with su r face  p o t e n t i a l  

( d i f f e r e n c e  between t h e  e l e c t r o s t a t i c  p o t e n t i a l  a t  t h e  su r face  

and i n  t h e  bulk where charge n e u t r a l i t y  p r e v a i l s )  noted on t h e  

curve. Since t h e  s u r f a c e  conduct ivi ty  i s  a func t ion  only of su r face  

p o t e n t i a l ,  h o r i z o n t a l  l i n e s  drawn on t h e  curves corresponding t o  

c e r t a i n  va lues  of su r face  p o t e n t i a l  f o r  t h e  t h e o r e t i c a l  case  w i l l  

a l s o  denote those  same sur face  p o t e n t i a l s  f o r  t h e  experimental  

curve.3 

and experimental curves f o r  a given su r face  p o t e n t i a l  i s  t h e  value 

of bound charge c e n t e r s  i n  t h e  oxides which have charge t r a n s f e r  

times s o  g r e a t  that  t h e  p o l a r i t y  of t h e s e  c e n t e r s  does not  change 

over a period of t h e  gate t o  s u b s t r a t e  voltage.  Hence, by varying 

t h e  gate t o  s u b s t r a t e  frequency one can obta in  d i f f e r e n t  curves of 

The d i f f e r e n c e  i n  charge ( Qs ) between t h e  t h e o r e t i c a l  

G v s  v$, By deducing a charge t r a n s f e r  time f o r  each 

frequency used, one can ca tegor ize  t h e  bound charge c e n t e r s  as t o  

charge t r a n s f e r  t ime or  physical  d i s t a n c e  from t h e  oxide-s i l icon  

i n t e r f a c e  t o  t h e  charge centers .  
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QS 

F i g u r e  2. Typical  Experimental and Theore t ica l  
Relat ionships  between Surface Conduct ivi ty  
and Tota l  Surface Charge 
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A major e f f o r t  by one group a t  t h i s  l abora to ry  is  d i r e c t e d  

toward producing devices  which can be used i n  t h e s e  f i e l d  e f f e c t  

measurements. After making such devices ,  comparison of graphs of 

t h e  su r face  conduct iv i ty  vs qs obtained before  and a f t e r  i r r a d i a -  

t i o n  w i l l  make it poss ib l e  t o  deduce d e n s i t y  and d i s t r i b u t i o n  

changes of t h e  bound charge cen te r s  i n  t h e  oxide. The fo l lowing  

s e c t i o n s  w i l l  o u t l i n e  design and c o n s t r w t i o n  techniques f o r  

prepar ing  t h e  f i e l d  e f f e c t  devices . 
B. Surface Po l i sh ing  and Cleaning 

The s i l i c o n  samples t o  be used i n  t h e  f a b r i c a t i o n  of f i e l d  

e f f e c t  devices  were s l i c e d  f r o m  a s i l i c o n  ingo t  on a wafering 

machine. 

#800 g r i t ,  l o p  g r i t ,  l/.c gr i t ,  0 . 3 ~  g r i t ,  and .O5 gr i t  . The 

s u r f a c e s  on t h e s e  samples were covered with very small hole-type 

irregularit ies.  It is believed t h a t  i f  t h e  su r faces  are lapped 

with g r i t  s i z e s  #loo, #200, #400, #800, 5 0 ~  and 10  p- i n  that  

order  and then  polished wi th  1,+c , 0.3 /*c and . 0 5 ~  po l i sh ing  

powders i n  t h a t  order  t h a t  the  su r face  i r r e g u l a r i t y  problem w i l l  be 

e l iminated.  

The samples of t h e  f i r s t  group lapped with #lo0 g r i t ,  

It may be w e l l  t o  mention a t  t h i s  po in t  t h a t  t h e r e  is only one 

s u r f a c e  po l i sh ing  procedure which w i l l  hopeful ly  y i e l d  reproducable 

sur faces .  

wi th  each material s o  t h a t  the deepest  su r f ace  d i s l o c a t i o n s  

present  a r e  due not  t o  t h e  previous s t e p  of t h e  process  but  t o  t h e  

one p resen t ly  used. 

That procedure i s  simply t o  l a p  or  po l i sh  long enough 

Af ter  a well-polished sur face  is present  on t h e  samples, t h e y  

are  cleaned by submerging them i n  t r i c h l o r o e t h y l e n e  and 
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u l t r a s o n i c a l l y  c leaning them. 

c leaning  procedure is  used: 

After t h i s  s t e p  t h e  fol lowing su r face  

Boi l  i n  t r i ch lo roe thy lene  f o r  30 sec.  decant ing and b o i l i n g  

aga in  f o r  30 sec.  

Immerse i n  room temperature methyl a l coho l  f o r  30 sec. 

Flush 5 times i n  room temperature demineralized d i s t i l l e d  

water. 

Immerse f o r  30 min. i n  80°C H SO 2 4' 
Flush 5 t i m e s  i n  room temperature demineralized d i s t i l l e d  

water. 

Immerse f o r  30 min. i n  80°C HN03. 

Flush 10  t imes  i n  room temperature d i s t i l l e d  demineralized 

water . 
S t o r e  i n  methyl a lcohol  u n t i l  loading  i n t o  furnace  

( u s u a l l y  only about 2 o r  3 min.) . 
The furnace  i s  kept a t  1250OC dur ing  t h e  oxide growth. Oxygen 

is bubbled through 75OC water a t  a ra te  of 2 

t h e  40 mm I . D .  qua r t z  furnace  tube.  

a s soc ia t ed  oxida t ion  system equipment i s  cleaned be fo re  t h e  oxida- 

t i o n  of t h e  s i l i c o n .  The samples of S i  are oxidized f o r  60 min. 

y i e l d i n g  an oxide th ickness  on t h e  order  of 5000 A. 

and passed through 

Natura l ly  a l l  quar tz  t ub ing  and 

0 

C.  Oxide Parameters 

The meaningful figure of merit of an oxide i s  t h e  D.C. 

r e s i s t a n c e  between t h e  s u b s t r a t e  and t h e  aluminum gate evaporated 

on t h e  oxide surface.  

A 1  d o t s  w a s  evaporated onto t h e  oxide and 2 small s e c t i o n s  of t h e  

For these  measurements an a r r a y  of 30 m i l  
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oxide were ground away. 

con tac t  t o  t h e  s u b s t r a t e .  The o the r  was used t o  check t h i s  contact .  

A 5 m i l  N i w i r e  was posi t ioned v e r t i c a l l y  by means of a micro- 

manipulator on each A1 dot .  

was found t o  be on t h e  order  of 1013 ohms and t h a t  from the  sub- 

strate t o  t h e  second ground away por t ion  was  lo8 ohms which is  

q u i t e  reasonable  consider ing the  rough su r face  and t h e  N i  loop  

con tac t  

One sec t ion  was used t o  make e l e c t r i c a l  

The r e s i s t a n c e  from do t  t o  s u b s t r a t e  

The capaci tance between each dot  and t h e  s u b s t r a t e  was measured 

From t h i s  and the  a t  1000 cycles/sec. and ranged from 23 t o  2EfF.,f. 

oxide th i ckness  it w a s  deduced t h a t  t h e  r e l a t i v e  p e r m i t t i v i t y  

( d i e l e c t r i c  cons t an t )  of t h e  oxide was  approximately 4. 

The oxide th i ckness  was measured by t h e  evaporation of A 1  over 

A po r t ion  a po r t ion  of another  sample of t h e  same oxida t ion  group. 

of t h e  oxide had been etched away on t h i s  sample and the  A 1  evapo- 

r a t i o n  w a s  one large area, a port ion of which was on t h e  oxidized 

Si .  The completely r e f l e c t i n g  d i s c o n t i n u i t y  caused by t h i s  evapo- 

r a t i o n  w a s  observed on a L e i t z  i n t e r f e r e n c e  microscope. The oxide 

was  approximately 5000 1 t h i c k  by t h i s  measurement technique. 

D. Device Design 

The su r face  geometry and a c ross -sec t ion  of a device t o  

be made is  shown i n  Figure 3 .  

The source and d r a i n  holes  w i l l  be c u t  i n t o  t h e  oxides by means 

of Kodak Photo Resist techniques as  follows: 

( a )  Fresh oxide i s  coated with KPR. 



Figure 3.  Field.  Effest, Meas-nement Device 

While s t i l l  w e t  and u n t i l  d ry  t h e  sample is whirled about 

an axis normal t o  and through t h e  cen te r  of i t s  c i r c u l a r  

c r o s s  s e c t i o n  su r faces  a t  approximately 1750 rpm, 

The coa t ing  of KPR i s  baked on f o r  1 hr .  a t  9OoC. 

Oxide and mask are  posi t ioned i n  a camera and exposed. 

KPR coa t ing  is developed, 

An e t c h  c o n s i s t i n g  of 

40 gm NH4F 

60 m l  H20 

9 m l  HF 
0 

which has  a n  e t c h  r a t e  of approximately 800A/min. is used 

t o  remove unwanted oxide. 
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, 

( g )  Exposed KPR is s t r ipped  off i n  8OoC H SO 
2 4' 

The sample i s  then cleaned and a 1 m i l  b r a s s  evaporation mask is 

pos i t ioned  wi th  r e spec t  t o  t h e  sample. The sample and mask assembly 

are then  placed i n  a vacuum sys tem 

simultaneously evaporated onto t h e  

8 x lo-* mm of Hg. 

and source,  

sample a t  a 

d r a i n  and gate are  

vacuum of about 
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111. S o l a r  Cell  - Soiu t ions  f o r  t h e  Short Circtr i t  Cument 

This s e c t i o n  desc r ibes  a t h e o r e t i c a l  i n v e s t i g a t i o n  of t h e  

e f f e c t s  of su r f ace  recombination v e l o c i t y  and d i f f u s i o n  length  on 

the  s h o r t  c i r c u i t  cu r ren t  of a s o l a r  c e l l .  This study shows t h a t  

f o r  l o w  absorp t ion  coe f f i c i en t s  t h e  s h o r t  c i r c u i t  cu r ren t  is 

independent of the  sur face  recornbination v e l o c i t y  and a s t rong  

f u n c t i o n  of t h e  d i f fus ion  Isngth.  

t h e  opposi te  i s  t r u e .  

For  high absorpt ion c o e f f i c i e n t s  

L i s t  of symbols: 

= absorp t ion  c o e f f i c i e n t ,  cm'l 

= excess minori ty  c a r r i e r  d e n s i t y  i n  p and n reg ion  6 ,  

7 

e 
k 

r e spec t ive ly ,  cm-3 

= minori ty  c a r r i e r  l i f e t i m e  S, see.  

= d i f f i s i o n  c o e f f i c i e n t  f o r  e l e c t r o n s  and ho le s  

r e spec t ive ly ,  em2 sec ' l  

= su r face  recombination v e l o c i t y  of f r o n t  s i d e  of c e l l  

and back side of c e l l  r e spec t ive ly ,  cm see" 

= d i f f u s i o n  l eng th  f o r  e l e c t r o n  and holes ,  cm 

= %he rate  of e lectron-hole  p a i r s  generated a t  any 

depth, sec" 

= mmochromatfc photon f lux e n t e r i n g  c e l l ,  cm-* sec-' 
= e l e c t r o n  and hole n o b i l i t i e s  r e spec t ive ly ,  cm 2 volt - lsec ' l  

= e l e c t r i c  f i e l d  s t rength ,  v o l t  cm'l 

= e l e c t r o n i c  charge, 1.6 x coul  

= Boltamann constant,  eV 
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7 = abso lu te  temperature OK 

&, $ = n e t  generation-recombination ra te  f o r  e l e c t r o n  and 

ho le s  r e spec t ive ly ,  ~ r n ' ~  sec" 

& 

Jp 

= e l e c t r o n  cu r ren t  dens i ty ,  amp cmo2 

= hole cur ren t  dens i ty ,  amp cmo2 

= J n  + Jp, amp 

= d i s t a n c e  from l i g h t  exposed su r face  of c e l l ,  cm 

= d i s t a n c e  from l i g h t  exposed surface of c e l l  t o  f r o n t  

x 
w 

s i d e  of p-n junct ion,  cm 

A = d i s t a n c e  from l i g h t  exposed su r face  of c e l l  t o  back 

s i d e  of p-n junct ion,  cm 

B =5 d i s t a n c e  from l i g h t  exposed surface of c e l l  t o  back 

su r face  of c e l l ,  cm 

f = normalized cu r ren t  

A. In t roduc t ion  

The model shown i n  Figure 4 w i l l  be used. 

Figure 4. Sketch of Photo Cel l  Considered wi th  Di f f e ren t  
Regions Denoted 
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The fol lowing s implifying assumptions were made i n  order t o  

t h e  problem: 

Current c a r r i e d  by d i f f u s i o n  only 

Steady state condi t ions p r e v a i l  

Boltzmann boundary condi t ions are v a l i d  

No recombination i n  t h e  dep le t ion  reg ion  

With t h e s e  assumptions two d i f f e r e n t  cases  need t o  be considered. 

F i r s t  t h e  case  when a < \ I V ( e Z  

f o r  t h e  s h o r t  c i r c u i t  cu r ren t  

which l e a d s  t o  t h e  fol lowing expression 

The case f o r  W W  7' 1 y ie lds  t h e  fol lowing expression f o r  s h o r t  

B. General Solu t ion  f o r  t h e  Current of A Sola r  Cel l  

The ambipolar con t inu i ty  equat ion is 

= 9 4 x 1  - Rn + pneZ(q + Dn 3'5 
a t  a x  a y2 

Under t h e  previously mentioned assumptions, t h i s  reduces t o  t h e  
+ 

fo l lowing  i n  t he  P region 

&- 0 -  ii S e+-4x1 
d # 2  L: 



. 

The boundary c3cdf t ions  a r e  

Using t h e  preceding boundary condi t ion y ie lds :  

% L4 !l assume that 

l i kewise  in t h e  N-Region 

where 
L; = T. vp ; cp = OCXYP 

or%; - I  
The boundary condi t ions  a re :  



. c 

where si = - Sz 
PP 

assume that  B'R 7 7  I 

I -  

J S  - 

S e t t i n g  V = 0 y i e l d s  the s h o r t  c i r c u i t  current 
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Let 

g* 
hole-e lec t ron  genera t ion  throughout t h e  P 

r e p r e s e n t s  a cur ren t  t h a t  would r e s u l t  from a cons tan t  
+ 

region. 

5 versus yp is  p l o t t e d  holding W W  constant  i n  Figure 5 .  This  

shows t h a t  f o r  OlW 7 /d;' $ is  approximately independent of u L~ 5 is p l o t t e d  aga ins t  I I n  F igure  6 W holding &w constant .  

This shows t h a t  f o r  

@t w * # is  independent of % kV 

4'W 4 / O  independent of $'&v while f o r  



i 0-= 

% 0 '  

I O "  

i 0' 
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FIGURE -5 

N O R M A L I Z E D  SHORT- C I R C U I T  

P 
C U R R E N T  vs* p 





I V .  P ro jec ted  P lans  

I n  t h e  area of f i lament  s tud ie s ,  a d d i t i o n a l  gamma data w i l l  be 

t a k e n  e s p e c i a l l y  f o r  su r faces  pass iva ted  with s i l i c o n  oxide. 

f o r  t h e  gamma damage has  a l ready  begun and should be completed i n  t h e  

next  three months. X-radiation s t u d i e s  on passivated and non- 

pass iva ted  su r faces  should begin du r ing  t h e  summer of t h i s  year 

(1965) . 
t h e  l a t te r  months of t h i s  g r a n t  year. 

Modeling 

Proton i r r a d i a t i o n  s t u d i e s  w i l l  probably t a k e  place dur ing  

Now t h a t  success fu l  "pin ho le  free" oxide growths have been 

obtained, devices  of t h e  M e  0. S e  type  w i l l  be fabr icated and charge 

and surface p o t e n t i a l  da t a  obtained f o r  var ious  r a d i a t i o n  ambients. 

Gamma, x- and poss ib ly  proton f i e l d s  w i l l  be considered. 

t a b u l a t i o n s  of t h e  important su r f ace  t h e o r i e s  are near ing  completion. 

Computer 

The a n a l y s i s  phase of t h i s  work w i l l  cont inue during the whole 

of t he  second g ran t  year.  Two and three-dimensional modeling of 

the  b i p o l a r  p lanar  t r a n s i s t o r  w i l l  f o l low t h e  s o l a r  c e l l  s t u d i e s  

wi th  emphasis placed on sur face  parameter e f f e c t s .  

It i s  bel ieved t h a t  the data shown here,  a long  with d a t a  which 

w i l l  be gathered i n  t h e  f u t u r e  are worthy of pub l i ca t ion  and it is 

expected t h a t  s e v e r a l  manuscripts w i l l  be prepared dur ing  t h e  next  

f e w  months and submitted t o  appropr ia te  r e sea rch  jou rna l s ,  



47 

V. Appendix A 

One may w r i t e  Poissons equation for a p o s i t i v e  charge as 
L 
eq68 

,*<- - 
where is t h e  d i f f e rence  between t h e  electrochemical  and 

e l e c t r o s t a t i c  p o t e n t i a l s  i n  t h e  c r y s t a l  and is  p o s i t i v e  for n-type 

material. However 
Q =  $ ( p -  n + Nz- W7) 

t h e  assumption is made here that a l l  donors and accep to r s  are 

ionized.  

that  

I n  t h e  bulk where charge n e u t r a l i t y  p reva i l s ,  we know 

where 

and 

assuming non-degeneracy. 

Thus $5 - n*. A/<-&+=- (6) 

and p-vr - - 2 C H t ' A l d  *$ (7) 
Thus equation (1) becomes 

t h e  above equation becomes 

Upon i n t e g r a t i n g  once between L(= ul and U = one gets 



t 

- 
w e  can write an expression f o r  t h e  E f i e l d  a t  t h e  su r face  as 

Papers  by C.  E. Young 4 and R. H. Kingston and S. F. Neustaiter 5 

conta in  curves as a g raph ica l  r ep resen ta t ion  of t h i s  f u n c t i c n  bu t  

due t o  t h e  s i z e  of t h e  curves t h e  very important minimum i n  t h e  

AG vs @s curves can not  be w e l l  defined. FOP t h i s  reason a 

computer program was s e t  up and F(4 da) w a s  ca l cu la t ed  f o r  

from +20 t o  -20 and 

w a s  a l s o  ca l cu la t ed  on the computer f o r  t he  same range on both 

6 

HS 
A Gtdf, yr) func t ion  Ua f r o m  +20 ts  -20. 

ui, and us . The G funct ion al lows one t o  c a l c u l a t e  4 as a 

func t ion  of surface p o t e n t i a l ,  

Since e l e c t r o n  and hole  excesses are 
r -  

and s ince  

t h e n  

Having t h i s  we can write 
A W * 4 A+ Ild p + J 

4 6 +*u, * t * ~ o  lG C NS, c/d J + b G C- us, c 

which is  t h e  change i n  conductance a s  a func t ion  of sur face  p o t e n t i a l ,  
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